Approximately 65-75 days postpartum (dpp), the estrous cycles of nonlactating (dried off immediately postpartum: n = 12) and lactating (n = 13) Holstein Friesian cows were synchronized and on day 7 a single blastocyst derived from superovulated nulliparous Holstein Friesian heifers was transferred to each cow. A control group of nulliparous heifers (n = 8) were synchronized, inseminated to a standing heat, and slaughtered on the same day as nonlactating and lactating recipients (day 19; estrus = day 0). The uterine horn ipsilateral to the corpus luteum was flushed with 10 ml phosphate-buffered saline and the conceptus, and uterine luminal fluid (ULF) was snap-frozen in liquid nitrogen. Gene expression analysis of the conceptus was performed by RNA sequencing, while amino acid composition of ULF was determined by high-performance liquid chromatography. No differentially expressed genes (DEGs) were observed between conceptuses recovered from nonlactating and lactating cows. Eight DEGs were identified between conceptuses recovered from nonlactating cows and heifers. A total of 269 DEGs (100 up-and 169 downregulated) were identified between conceptuses recovered from lactating cows compared to heifers. Alanine, glycine, serine, threonine, arginine, leucine, and valine were significantly lower in abundance in ULF recovered from heifers compared to nonlactating or lactating cows. This study demonstrates that the environment in which the embryo develops post the blastocyst stage can have an effect on the conceptus transcriptome and amino acid composition of the ULF but this was mainly observed between the two extreme groups in terms of metabolic status (nulliparous heifers vs postpartum lactating cows). 
Introduction
Low fertility in lactating dairy cows has been associated with the metabolic stresses of milk production and their impact on the environment in which the oocyte and early embryo develop in the follicle and reproductive tract, respectively. Though clearly a multifactorial problem [1] , there is substantial evidence that up to 50% of pregnancy loss in dairy cows can be attributable to the oocyte and/or early embryo [2] [3] [4] , some of which can be overcome by bypassing the cow's own oocyte using embryo transfer [5] [6] [7] [8] [9] [10] [11] . Similar evidence is available from women undergoing assisted reproductive technologies (http://www.cdc.gov/art/ART2011/section4.htm). In such women, live birth rate declines precipitously after age 40; however, if a donor oocyte from young fertile women is used, pregnancy rate remains stable. This suggests that the uterus is capable of establishing a pregnancy long after the ovary is capable of delivering an oocyte competent for full-term development.
Though transfer of embryos can increase pregnancy rates, particularly under conditions of heat stress to which the oocyte and early cleavage embryo are most susceptible [12] , additional loss may be attributed to dysfunctional communication between the developing embryo/conceptus and the uterine environment. There is evidence that the reproductive tract of the lactating dairy cow is compromised in its ability to support early development compared to a nulliparous heifer [13] or a postpartum nonlactating cow [14, 15] . This is associated with major differences in the metabolic profile in circulation, with lactation inducing high nonesterified fatty acid and beta-hydroxy butyrate, concentrations and low insulin, insulin-like growth factor-I, and glucose concentrations [14, 15] . Both candidate and global gene expression analyses have demonstrated that alterations in energy balance can modify oviduct [16] and endometrial gene expression [17, 18] . A limited amount of data indicate that global conceptus gene expression can be affected by stage of lactation; for example, differences in gene expression was detected in conceptuses derived from early compared to late stages of lactation [19] while candidate genes associated with conceptus "health" differed in conceptuses recovered from nonlactating and lactating cows following artificial insemination (AI) [20] .
This study tested the hypothesis that the changes in the uterine environment associated with metabolic changes induced by lactation would affect conceptus gene expression compared to nonlactating cows and heifers. In order to isolate the effects of lactation on the conceptus from those on the oocyte and early embryo, we used embryo transfer of good quality embryos recovered from nulliparous Holstein Friesian heifers. The specific aim of the study was to characterize the transcriptome of the bovine conceptus at the initiation of implantation in a cohort of age-matched postpartum primiparous dairy cows that were either milked postcalving (i.e. lactating) or were dried off immediately at calving (i.e. never milked, nonlactating) as well as a group of contemporaneous heifers. In addition, we characterized the amino acid content of the uterine luminal fluid (ULF), as this has previously been shown to contribute to the establishment of a successful uterine environment during the pre-implantation period of pregnancy [21] .
Materials and methods
All experimental procedures involving animals were licensed by the Department of Health and Children, Ireland, in accordance with the Cruelty to Animals Act (Ireland 1876) and the European Community Directive 86/609/EC and were sanctioned by the Animal Research Ethics Committee of University College Dublin. Unless otherwise stated, all chemicals and reagents were sourced from Sigma (Dublin, Ireland).
Animal model
This study formed part of a larger study examining the effects of lactation on a variety of parameters relating to reproductive function. The animal model used, including details on the nutritional and metabolic status, has been previously described [15] . Briefly, 40 in-calf dairy Holstein Friesian heifers and 20 nonpregnant nulliparous Holstein Friesian heifers with a similar Economic Breeding Index were enrolled into the study. From 2 weeks prior to calving, all in-calf heifers were weighed, body condition scored, and blood sampled twice weekly up to day of slaughter. Similar measurements were recorded for the nonpregnant nulliparous heifers. Following calving, cows were randomly assigned to one of two groups: (1) lactating or (2) nonlactating. Animals in the lactating group were milked twice daily, while those in the nonlactating group were dried off immediately after calving (i.e. never milked). This generated three treatment groups: (1) lactating cows (n = 20), (2) nonlactating cows (n = 20), and (3) nulliparous heifers (n = 20). Prior to calving, all animals were fed 30 kg grass silage/head/day with pregnant heifers getting an additional 3 kg concentrates/head/day. Post calving, nonlactating cows had ad lib access to grass silage plus 4 kg concentrates/day, while lactating cows received 24 kg maize silage/16 kg grass silage plus 7 kg concentrates. Blood samples were taken from the jugular vein into clear plastic tubes (for serum collection) or fluoride oxylate tubes (for glucose analysis). All samples were stored at 4
• C overnight, spun at 2500 rpm for 20 min and decanted. Samples were then stored at -20
• C prior to analysis.
At approximately 65-75 days postpartum (dpp), the estrous cycles of nonlactating (n = 12) and lactating (n = 13) cows were synchronized ( Figure 1) . Each cow received a controlled intravaginal drug-releasing device (CIDR, Pfizer Animal Health, Sandwich, Kent, UK) containing 1.38 g of P4 for 8 days. One day prior to CIDR removal, each animal received a 2 ml i.m. injection of a prostaglandin F2α analog (PG: Estrumate, Intervet, Dublin, Ireland; equivalent to 0.5 mg cloprostenol) to regress the endogenous corpus luteum (CL). Thirty-six hours after CIDR removal, each animal received a 2.5 ml i.m. injection of Receptal (Intervet, Dublin, Ireland: equivalent to 0.012 mg buserelin) to ensure ovulation. On day 7 following estrus, all cows were palpated rectally to determine the presence of a CL and suitability for embryo transfer. Nulliparous heifers (n = 5 from the initial pool of n = 20 heifers enrolled) were used as embryo donors. Estrous cycles were synchronized using an 8-day CIDR protocol and a 2 ml i.m. injection of PG 1 day prior to CIDR removal. On day 10 following estrus detection (day 0) each heifer received an i.m. injection of descending concentrations of Folltropin (Bioniche Animal Health, Ontario, Canada) 12 h apart (2.5 ml, 2.0 ml, 1.0 ml, and 0.5 ml) for 4 days. All heifers received a 2.0 ml i.m. injection of PG with the sixth injection of Folltrophin and were inseminated twice following the AM: PM rule with semen from a proven sire (French Holstein bull [VOLADI MAN FR4947788082]). All donors were nonsurgically flushed 7 days after AI to recover embryos. Single grade 1 late morula/early blastocysts were transferred into recipients in a random manner. As a control, an additional group of maiden heifers (n = 8) from the same pool of n = 20 heifers enrolled into this study were synchronized as described above, inseminated to a standing heat, and slaughtered on the same day as nonlactating and lactating recipients.
All animals were blood sampled daily from day 0 until day of slaughter (day 19) for serum P4 analysis. Animals were slaughtered at a commercial abattoir, and the reproductive tracts were processed onsite within 20 min of slaughter. Each individual tract was stored on ice prior to sample collection. Both uterine horns were flushed individually with 10 ml of phosphate-buffered saline, and the recovered flush volume was noted and searched for the presence of an elongated conceptus. The conceptus was then dissected into four sections, one containing the embryonic disk and extraembryonic tissue, the other three containing just trophectoderm tissue. These were snap-frozen in liquid nitrogen and stored at -80
RNA sequencing analysis of conceptus trophectoderm tissue
Due to the low amount of RNA per sample, a TRIzol-based procedure was used to prepare RNA without phase separation. Briefly, the frozen sample of trophectoderm tissue was crushed immediately after the addition of 1.5 ml of pre-cooled Trizol (Thermo Fisher Scientific Inc., MA, USA) with a homogenizer (Silent Crusher M, Heidolph, Germany), and the resulting lysate was cleared by centrifugation. An equal volume of ethanol was added to the lysate and the mixture was applied to a Zymo-Spin column (Zymo Research, CA, USA) and centrifuged. After repeated washing, the RNA was eluted in DNAse/RNAse-free water. The RNA was used to construct sequencing libraries using the Encore Complete RNA-Seq library system of NuGEN according to the manufacturer's instructions. Without the need to preselect polyA-RNA or to deplete ribosomal RNA (rRNA), all non-rRNAs are enriched during cDNA synthesis and furthermore RNA strand information is retained. Briefly, 150 ng of total RNA was treated with heat-labile ds DNAse (Thermo Scientific Inc) to remove residual DNA and used for mixed random-/polyA-primed first-strand cDNA synthesis. After second strand synthesis, the double-stranded cDNA was fragmented by sonication (Bioruptor, Diagenode, Liege Belgium; 25 cycles 30 s on/30 s off). The fragmented cDNA was end repaired and ligated with sample-specific barcoded adaptors. After strand selection, the library was amplified (4 cycles, 94
• C 30 s, Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/6/798/4569066 by OUP site access user on 08 October 2018 . Thereafter, fragments of desired size were captured by adding one volume of AMPure XP beads to the supernatant. After elution, each library was quantified on a Bioanalyzer 2100 (Agilent, Santa Clara, USA). Barcoded libraries were pooled at 10 nM concentration for multiplexed sequencing. All libraries were sequenced on the HiSeq 1500 as 100 b single reads. After demultiplexing of sequence data, adaptor sequences and polyA tails were removed and each library was mapped to the reference genome bos Tau 7 with Tophat2 [22] . It is known that the transcriptome of bovine embryos contains a high percentage of repetitive sequences. These are not mapped by Tophat2 due to their high abundance. Therefore, approximately 30 × 10 6 mapable reads were generated for each sequencing library. Table 1 shows the number of sequence reads generated and the percentage that was mapped with TopHat2 to the reference genome (bos Tau7). Based on the mapping results, sequence reads for annotated genes were counted with HTSeq [23] . Comparative analyses of gene expression and principal component analyses (PCA) were performed with the DEseq2 package [24] . The false discovery rate for detection of differentially abundant transcripts was limited to 5%. The full data for the RNA sequencing have been uploaded to the gene expression omnibus (GSE85563). Overrepresented gene ontologies (GO) terms associated with lists of differentially expressed genes (DEGs) were analyzed using the online tool DAVID (https://david.ncifcrf.gov/tools.jsp).
Analysis of amino acid composition of uterine luminal fluid
The ULF of all animals confirmed pregnant on day 19 was analyzed for amino acid content analyzed by high-performance liquid chromatography (HPLC) as previously described [21] . Briefly, amino acids in ULF were derivatized with O-Phthaldialdehyde (OPA) reagent, supplemented with 1 mg/ml 2-mercaptoethanol. Derivatized samples were subjected to reverse-phase chromatography using an Agilent 1100 Series HPLC system coupled with a Phenomenex HyperClone R 5 mm C-18 ODS 250 × 4.6 mm column (Phenomenex, Macclesfield, UK). A gradient elution with two buffers-(A) 80% 83 mM sodium acetate, 19.5% methanol, 0.5% tetrahydrofuran, and (B) 80% methanol and 20% 83 mM sodium acetate-was used to separate OPA-amino acid conjugates at 30
• C with a flow rate of 1.3 ml/min for 60 min per sample. Concentrations of amino acids in the ULF (μM) were determined by comparing sample peak areas to those from certified standards. Statistical analyses were performed using Prism Graphpad 6 software by twoway analysis of variance followed by a Holm-Sidak nonparametric post hoc analysis where * P ≤ 0.05, * * P ≤ 0.01, * * * P ≤ 0.001, * * * * P ≤ 0.0001.
Results
Of the 13 lactating cows synchronized, only 11 were suitable for embryo transfer while 11/12 nonlactating cows were suitable for transfer based on rectal palpation. Six out of the eight maiden heifers synchronized were observed in standing heat and subsequently inseminated. A conceptus was recovered from 66% of heifers (4/6), 66% of nonlactating cows (7/11), and 45% of lactating cows (5/11).
RNA sequencing analysis of gene expression changes in the conceptus on day 19
Detailed information regarding sample quality and sequencing libraries is given in Table 1 . The RNA integrity of all samples was of high quality with RIN numbers of between 7.9 and 9.7. Following two rounds of sequencing, the average number of reads for the heifers was 63 million reads (Mio), of which an average of 56.5% mapped with TopHat 2 to the reference genome (bos Tau7). Similar numbers were obtained for the conceptuses recovered from nonlactating cows (average 73.6 million reads with 46.4% mapped) and lactating cows (average 63.2 million reads and 53.8% mapped).
Differences in gene expression patterns of conceptuses recovered from postpartum lactating and nonlactating cows and nulliparous heifers Principal component analysis of transcriptomic data revealed moderate separation between the overall expression patterns of conceptuses recovered from lactating cows compared to nulliparous heifers (Figure 2) . No differences in gene expression patterns were observed for conceptuses recovered from nonlactating cows compared to heifers or nonlactating cows versus lactating cows (Figure 2 ). One conceptus recovered from the nonlactating group was a clear outlier in the PCA plot and was removed from further analysis. Nevertheless, no difference in gene expression patterns for conceptuses recovered from nonlactating or lactating cows was observed. Eight DEGs were identified between conceptuses recovered from nonlactating cows versus heifers. The expression of programmed cell death 4 (neoplastic transformation inhibitor: PDCD4), pecanex-like protein 1 (LOC101908863), jagged 1 (JAG1), CDC42 effector protein (Rho GTPase binding) 4 (CDC42EP4), signal-induced proliferationassociated 1 like 3 (SIPA1L3), and Rho guanine nucleotide exchange factor (GEF) 12 (ARHGEF12) was lower in conceptuses recovered from nonlactating cows while the expression of TSR1, 20S rRNA accumulation, homolog (S. cerevisiae) (TSR1), and solute carrier family 10 (sodium/bile acid cotransporter), member 1 (SLC10A1) was higher in conceptuses recovered from nonlactating cows compared to those recovered from heifers (P < 0.05). In contrast, 269 genes were differently expressed between conceptuses recovered from lactating cows compared to nulliparous heifers (P < 0.05) of which 169 DEGs were upregulated and 100 were downregulated in conceptuses recovered from lactating cows compared to those recovered from heifers. The genes dickkopf WNT signaling pathway inhibitor 4 (DKK4), pregnancy-associated glycoprotein 1-like (LOC101903717), uncharacterized LOC101906588 (LOC101906588), phosphoglucomutase 2-like 1 (PGM2L1), interferon regulatory factor 2 (IRF2), guanine deaminase (GDA), cytochrome P450, family 39, subfamily A, polypeptide 1 (CYP39A1), short stature homeobox 2 (SHOX2), MX dynamin-like GTPase 2 (MX2), and mucin 4, cell surface associated (MUC4) were all decreased in the trophoblast cells of conceptuses recovered from lactating cows compared to heifers, while wingless-type MMTV integration site family, member 2B (WNT2B), heat shock 70kDa protein 6 (HSP70B') (HSPA6), neuronal guanine nucleotide exchange factor (NGEF), pleckstrin homology domain containing, family F (with FYVE domain) member 1 (PLEKHF1), methylenetetrahydrofolate dehydrogenase (NADP + dependent) 1-like (MTHFD1L), keratin 18 (KRT18), neurogranin (protein kinase C substrate, RC3) (NRGN), sodium channel, voltage-gated, type III, alpha subunit (SCN3A), tubulointerstitial nephritis antigen (TINAG), and uncharacterized LOC104973964 (LOC104973964) were increased in the conceptuses recovered from lactating cows to the greatest extent based on fold change difference. Four genes were commonly differentially expressed in both comparisons (heifers vs lactating cows and heifers vs nonlactating cows, Figure 3 ). Full details of mean expression values, log2 fold change difference, and p values for all DEGs are given in Supplementary Table S1A and B. The expression of a number of genes proposed as markers of embryonic developmental stage was also analyzed (Figure 4 [36] ). Overall, CALM1 expression was lowest while PAG21 and TGFB3 expression was highest in conceptuses recovered from the heifers compared to conceptuses recovered from lactating cows. There was a large amount of variation in the expression of these staging genes in the conceptuses recovered from the nonlactating cows.
Ontology analysis of differentially expressed genes in conceptuses recovered from lactating cows compared to nulliparous heifers
Given the limited number of DEGs identified between conceptuses recovered from nonlactating cows compared to nulliparous heifers, no overrepresented gene ontologies for biological processes, molecular functions, or cell components were identified. In contrast, 37 biological processes were overrepresented in the list of DEGs identified between conceptuses recovered from heifers compared to lactating cows falling into six broad categories including (i) the regulation of biological processes (regulation of biological process (56 DEGs), positive regulation of biological process (19) , phosphorylation (14) , signal transduction (23), regulation of Rho protein signal transduction (4)), (ii) cellular and metabolic processes (regulation of cellular process (53), phosphate metabolic process (16), phosphorus metabolic process (16), positive regulation of cellular process (16)), (iii) cell component/cell cycle regulation (cellular component organization (24) , cell cycle (9), cellular component morphogenesis (8) , cell morphogenesis (7), regulation of cell cycle (7), cell motion (7), cell cycle process (7)), (iv) cell death and apoptosis (apoptosis (9), programmed cell death (9), cell death (9), death (9), positive regulation of apoptosis (6), positive regulation of programmed cell death (6) , positive regulation of cell death (6)), (v) developmental processes (developmental process (24), anatomical structure morphogenesis (12), cell projection organization (6), regulation of cell motion (5), cell morphogenesis involved in differentiation (5), regulation of anatomical structure morphogenesis (5), generation of neurons (8) , neurogenesis (8) , cell morphogenesis involved in neuron differentiation (5), axonogenesis (4)), (vi) mitochondria (mitochondrion organization (6), mitochondrial transport (4), protein targeting to mitochondrion (3), protein localization in mitochondrion (3)). Full details on the genes and change in expression patterns associated with these overrepresented biological processes (Supplementary Table S2 ), cell component (Supplementary Table S3) , and molecular functions (Supplementary Table S4 ) are given in supplementary tables.
Conceptus sex-associated differences in transcript expression RNA sequencing data were screened to identify Y chromosomespecific transcripts to differentiate the sex of the conceptuses recovered. Based on the analysis of the expression of these three transcripts, the sex of the conceptuses was as follows: lactating: 3 male/2 female; nonlactating: 3 male/4 female; heifer: 1 male/3 female ( Figure 5A ). Principal component analysis demonstrated that conceptus sex did not contribute to the overall differences in conceptus transcriptional profile between the three groups ( Figure 5B ) or indeed between pairwise comparisons ( Figure 5C ). The number of male conceptuses was too low to perform comparative analyses between groups (heifer vs nonlactating vs lactating).
Difference in amino acid composition of uterine luminal fluid and amino acid transporter expression in the conceptus and endometrium Of the 18 amino acids analyzed in the ULF, glutamic acid and glycine were the most abundant in all three groups ( Figure 6 ). The small neutral amino acids, alanine, glycine, serine, and threonine, were all significantly lower (P < 0.05) in abundance in the ULF of heifers on day 19 compared to both nonlactating and lactating cows. Similar concentrations were found in the ULF of lactating and nonlactating cows (P > 0.05). Similarly, concentrations of the basic amino acid arginine and two large neutral amino acids (leucine and valine) were significantly lower in heifer ULF compared to nonlactating or lactating cows. The abundance of asparagine was significantly lower in the ULF of heifers compared to lactating cows (P < 0.05) but was not different between heifers and nonlactating cows or nonlactating and lactating cows. Three amino acids (glutamic acid, glutamine, and lysine) were lowest in heifers compared to nonlactating and Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/6/798/4569066 by OUP site access user on 08 October 2018 Significant differences between groups are denoted with an asterisk when P < 0.05 ( * ), P < 0.01 ( * * ) or P < 0.001 ( * * * ).
lactating cows, but concentrations were also significantly higher in lactating cows compared to nonlactating cows (P < 0.05). No significant differences in expression values were detected for amino acid transporters in the conceptus (Supplementary Table S1 ).
Discussion
In order to identify the contribution of the uterine environment to reduced fertility observed in lactating dairy cows postpartum, we compared conceptuses recovered from postpartum lactating and nonlactating cows and nulliparous heifers. In an effort to isolate the effect of the uterine environment and to avoid confounding issues of potential impacts of lactation on the cow's own oocyte, we used embryo transfer of single high-quality embryos recovered from nulliparous heifers to both groups of postpartum cows. Results demonstrate that conceptuses exposed to the metabolic stresses of lactation postpartum exhibit modifications in their transcriptome at the initiation of implantation compared to those developing in the uterus of heifers. The transcriptome of a conceptuses recovered from the uteri of postpartum nonlactating cows was not greatly affected compared to their heifer counterparts. In addition, the nutrient composition, in terms of free amino acids, of the ULF was affected by the metabolic status of the animal with lower abundance of amino acids in the ULF of heifers, intermediate in nonlactating cows, and highest in lactating cows. A previous study by Thompson et al. [20] reported differences in candidate gene expression in conceptuses recovered from nonlactating compared to lactating cows on day 17 after AI. These data contrast with those from this study, where no difference in gene expression from conceptuses recovered from nonlactating and lactating cows was observed. One major difference between that study and ours and a likely explanation for this discrepancy is that the conceptuses were derived from ovulated oocytes following AI; as such differences in gene expression may reflect differences in the competency of the oocyte that produced the conceptus as proposed in the Britt hypothesis [25] . In contrast, the model used in the current study removed the animals' own oocyte from the equation thus explaining the lack of variation in conceptus gene expression in this study.
There were very minor differences in gene expression between conceptuses recovered from nonlactating cows and heifers indicating that source of the embryo (AI vs ET) was not a confounding factor in modifying conceptus gene expression. Analysis of the expression values for a number of genes predictive of embryonic stage (CALM1, DLD, HNRNPDL, TGFB3, PAG21) [36] demonstrates that there was substantially more variation in the expression of these transcripts in the conceptuses recovered from the nonlactating cows compared to those recovered from either heifers or lactating cows (Figure 4) . This may explain, in part, why so few differences were identified between the nonlactating cows and the other two groups. The lack of differences observed between the conceptuses from nonlactating and lactating cows, while perhaps surprising at first, is reflective of the absence of variation in concentrations of markers of metabolic status such as insulin, glucose, and nonesterified fatty acids, at the time of embryo transfer in the two groups of recipients [15] . However, differences observed between the conceptuses recovered from the lactating cows compared to those recovered from nulliparous heifers hint at a carryover effect from the NEB observed in the lactating cows. There is substantial evidence that circulating/systemic concentrations of P4 influence the endometrial transcriptome, modifying the rate at which conceptus elongation occurs, IFNT is secreted, and thus the endometrial response to pregnancy [26] [27] [28] [29] [30] [31] [32] . In the current study, P4 concentrations in circulation did not differ between the three groups of animals that were pregnant on day 19. It is therefore unlikely that differences in the conceptus gene expression observed between lactating cows and heifers results from indirect action of P4 on the conceptus via the endometrium. In the study by Thompson et al. [20] , lactating pregnant dairy cows had a significantly lower linear rate of plasma P4 increase from days 0 to 8 of the cycle compared to lactating cyclic and nonlactating pregnant and cyclic cows i.e. a delay in the postovulatory increase in P4. There are clear effects of a delay in the postovulatory rise in P4 and the ability of the uterine environment to support conceptus elongation [26] [27] [28] 30] . It is possible that differences in P4 concentrations modifies the capacity of the uterus to support elongation and that this contributes to the differences observed in candidate genes in the conceptuses recovered from nonlactating and lactating cows. In this study, pregnancy associated glycoprotein 21 (PAG21) which is expressed by binucleate cells was higher, and PAG11 expression was lower, in conceptuses recovered from heifers compared to lactating cows, while no differences in PAG gene expression were detected between conceptuses recovered from nonlactating and lactating cows. The expression of PTGS2 was lower in heifer conceptuses, and conceptus-derived prostaglandins mediate maternal recognition of pregnancy and establish uterine receptivity by affecting the endometrial transcriptome in both cattle [33] and sheep [34, 35] . These data on PAG11 and PTGS2 are at odds with the previous findings [19, 20] indicating that the expression profile of the heifer conceptus is associated with a "less advanced" conceptus.
A number of trophectoderm-expressed transcripts have been identified as predictive markers of the gastrulating and neurulating stages of embryonic disk development [36] . In this study, the expression of DLD and HNRNPDL were not different between the groups. However, CALM1 was significantly higher and TGFB3 significantly lower in conceptuses recovered from lactating cows compared to heifers, with expression in the nonlactating cows intermediate between these two groups. The marker CALM1 was predicted to be low in early neuralating stage embryos with an increase in stage 3 embryos which declines at later stages. This may explain in part why there CALM1 is higher in lactating conceptuses i.e. CALM1 expression may have already peaked in the conceptuses recovered from the heifers. Further evidence for more advanced heifer conceptuses is the fact that expression of TGFB3 is higher in this group.
Of the 18 amino acids analyzed, 11 were present in significantly reduced concentrations in the ULF of heifers. This may seem at odds with evidence in the literature that amino acids are increased in the uterine lumen in both cattle [21, 37] and sheep [38] during the pre-implantation period of pregnancy which is mediated via upregulation of amino acid transporters in the endometrium and/or conceptus [21, 39, 40] . Indeed, reduced amino acids are detected in the ULF of cloned compared to in vitro produced embryos [41] and one interpretation of such observations is that conceptuses with different developmental competencies will utilize amino acids in a different manner. The pattern of amino acid depletion and appearance has been demonstrated to correlate with embryo viability in humans [42, 43] and in cattle [44] . Previous comparisons between metabolites in circulation and those in the follicular fluid of lactating dairy cows have indicated a good degree of correlation of circulating concentrations of metabolites [15, 45] . Concentrations of amino acids in blood and ULF in heifers are positively correlated [46] and modified by concentrations of hormones in circulation [47] . Given there were no differences in the amino acid transporters in either the endometrium [48] or conceptus, it is possible the lower amino acid concentration in the ULF of heifers may indicate increased uptake by the conceptus. However, formation of ULF is a highly dynamic process, which adapts to meet the needs of the developing conceptus. It is therefore unlikely that amino acids would be depleted from the ULF without being replenished. Arginine and leucine concentrations in the ULF were lower in heifers compared to both nonlactating and lactating cows, while glutamine was lowest in heifer ULF and highest in lactating cows. Arginine and leucine in the pig [49] and sheep [50] drive proliferation of the conceptus trophectoderm cells, while glutamine drives trophectoderm proliferation in the pig conceptus [49] . In sheep, arginine has been shown to enhance trophectoderm cell proliferation as well as IFNT production via activation of the NO/polyamine TSC mTOR pathway [51, 52] . The decreased amount of these amino acids in the ULF of heifers may indicate that they are being utilized to drive proliferation of the conceptus in heifers compared to those conceptuses recovered from nonlactating and lactating cows.
In conclusion, this study demonstrates that the environment in which the embryo develops post the blastocyst stage can have a marked effect on the transcriptome of the conceptus and amino acid composition of the ULF at the time of implantation. The greatest differences were observed between the two extreme groups in terms of metabolic status (nulliparous heifers vs postpartum lactating cows).
Supplementary data
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Supplementary Table S1 . (A) Differentially expressed genes in the conceptus recovered from dairy heifers compared to those recovered from lactating dairy cows on day 19. Log 2 fold change reflects change in expression of a given gene in heifer conceptuses compared to lactating conceptuses. (B) Differentially expressed genes in the conceptus recovered from diary heifers compared to those recovered from dry dairy cows on day 19. Log 2 fold change reflects change in expression of a given gene in heifer conceptuses compared to dry cow conceptuses.
Supplementary Table S2 . Over-represented Gene Ontology (GO) term for biological processes associated with differentially expressed genes between conceptuses recovered from dairy heifers compared to lactating dairy cows on day 19 of pregnancy. The direction of fold change is indicated by an arrow whereby and increase in expression indicated upregulation in lactating cows conceptuses compared to those recovered from heifers and vice versa.
Supplementary Table S3 . Over-represented Gene Ontology (GO) term for cellular component associated with differentially expressed genes between conceptuses recovered from dairy heifers compared to lactating dairy cows on day 19 of pregnancy. The direction of fold change is indicated by an arrow whereby and increase in expression indicated upregulation in lactating conceptuses compared to those recovered from heifers and vice versa.
Supplementary Table S4 . Over-represented Gene Ontology (GO) term for molecular function associated with differentially expressed genes between conceptuses recovered from dairy heifers compared to lactating dairy cows on day 19 of pregnancy. The direction of fold change is indicated by an arrow whereby and increase in expression indicated upregulation in lactating conceptuses compared to those recovered from heifers and vice versa.
